Chapter 20 M)
Properties of 63Sn-37Pb s
and Sn-3.8Ag-0.7Cu Solders Reinforced

with Single-Wall Carbon Nanotubes

K. Mohan Kumar, Vaidyanathan Kripesh, and Andrew A. O. Tay

20.1 Introduction

As integrated circuit (IC) technology continues to advance, there will be increasing
demands on I/O counts and power requirements, leading to decreasing solder pitch
and increasing current density for solder balls in high-density wafer-level packages
[1]. As the electronics industry continues to push for miniaturization, reliability
becomes a vital issue. The demand for more and smaller solder bumps, while
increasing the current, has also resulted in a significant increase in current density
[2] which can cause the failure of solder interconnects due to electromigration [3].

Solders are extensively used in IC technology as mechanical and electrical
interconnects because of their ease of processing and lower cost. However, because
of their relatively low melting temperatures, creep is a major concern. When
electronic devices are switched on and off, the electronic packages experience cyclic
changes in temperature. Due to differences between the packages and the substrate,
cyclic changes in thermomechanical stresses are induced in the package-to-board
solder joints. Such cyclic stresses in the solder joints eventually lead to failure of the
solder joints through thermomechanical fatigue [4, 5].

With the relentless trend toward very fine-pitch IC packages, the cyclic stresses
experienced by flip chip-to-board interconnects are increasing greatly resulting in a
drastic drop in fatigue life of solder joints. One way of overcoming this problem is to
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use new materials which can provide enhanced mechanical, electrical, and thermal
properties. Composite solders can offer improved properties [6]. Although a few
researchers have investigated the influence of nanoparticles and nanotubes influence
on the properties of solder [7-9], these investigators were mainly focused on the
mechanical properties of the solders. In this study, the influence of nanotube addition
on microstructural, mechanical, electrical, wetting, and thermal properties has been
investigated. In addition to this, efforts have been made to evaluate the joint strength
and creep strength of the composite solder joints.

Owing to their fascinating physical properties and unique structures, carbon
nanotubes (CNTs) are receiving steadily increasing attention since their discovery
[10]. Intense interest from researchers has been generated in utilizing these unique
structures and outstanding properties, for example, in hydrogen storage,
supercapacitors, biosensors, electromechanical actuators, nanoprobes for high-
resolution imaging, and so on [11, 12]. In recent years, there has been a steadily
increasing interest in the development of CNT-reinforced composites due to their
remarkable mechanical, electrical, and thermal properties [13-16]. Depending on
their length, diameter, chirality, and orientations, CNTs show almost five times the
elastic modulus (1 TPa) and nearly 100 times the tensile strength (150 GPa) of high
strength steels [17]. The motive is to transfer the exceptional mechanical and
physical properties of carbon nanotubes to the bulk engineering materials. Polymers,
ceramics, and metal are favorable as matrix materials. CNT-reinforced polymer-
based composites were widely synthesized by surfactant-assisted processing,
repeated stirring, solution evaporation with high energy sonication, and interfacial
covalent functionalization [18-20]. Much of the research in nanotube-based com-
posites has been on polymer or ceramic matrix materials and less on metal matrix
composites [21-23]. This is mainly due to the fact that uniform dispersion of CNTs
in a metal matrix is quite difficult.

Nai et al. [9] demonstrated that the dispersion and homogenous mixing between
MWCNTs and a lead-free solder matrix could be obtained by mixing nano-sized
matrix powders with CNTs. They showed that the powder metallurgy process was a
very promising technique for full densification of CNT/lead-free solder
nanocomposites which showed remarkable enhancement of yield strength compared
to that of unreinforced lead-free solders.

The current work provides an insight into the usage of SWCNTSs as a reinforcing
material for the enhancement of the solder material properties to be used in wafer-
level chip-scale packages (WLCSP). The aim of this work is to fabricate and
characterize CNT-reinforced nanocomposite solders and show their improved phys-
ical, thermal, electrical, mechanical, and wetting properties compared to the original
Sn-Pb and Sn-Ag-Cu solders.
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20.2 Experimental Aspects
20.2.1 Materials

The starting materials used in this study were Sn-Pb and Sn-Ag-Cu solder powders
of Type 7 (2-11 pm). The SWCNTs employed in this study were prepared using the
chemical vapor deposition technique and typically have an average diameter of
1.2 nm and lengths between 5 and 10 pm.

20.2.2 Preparation of Composite Solders

The solder powder and SWCNTSs were weighed to the approximate weight % ratio.
Different compositions were prepared with varying SWCNT content ranging from
0.01 to 1 wt%. The pre-weighed SWCNTs and solder powders were blended
homogeneously using a V-cone blender operated at a speed of 50 rpm. The
homogenously blended composite solder powders were consolidated by uniaxial
cold pressing with a pressure of 110 bar in the case of Sn-Pb composite solders,
while Sn-Ag-Cu composite solders were compacted at a pressure of 120 bar. The
consolidated “green” composite solder compacts of diameter 35 mm were sintered at
150 °C for Sn-Pb composite solders and at 180 °C for Sn-Ag-Cu composite solders
to approach a reasonable rate of solid state sintering. The sintered compacts were
finally extruded at room temperature with an extrusion ratio of 20:1.

20.2.3 Scanning Electron Microscopy

Samples were cut from the extruded solder bars with a diamond saw and mechan-
ically polished with diamond pastes after cutting, finishing with 0.02 pm grade.
Microstructural observations were performed by scanning electron microscopy
using a Hitachi FE-SEM 4100 operated at 10 kV. The elemental analysis of the
phases was carried out using energy-dispersive X-ray spectroscopy (EDX) equipped
with FE-SEM.

20.2.4 Thermomechanical Analysis (TMA)

The linear thermal expansion coefficient of composite solders was measured using a
Perkin-Elmer TMA-7 thermal mechanical analyzer operated in expansion mode.
Cylindrical samples of diameter 8§ mm were employed. TMA data were obtained in
the heating range of 25-125 °C in the case of Sn-Pb composite solders, while a
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25-150 °C heating range was employed for the Sn-Ag-Cu composite solders at a rate
of 5 °C/min. All TMA experiments were performed with a small loading force of 5 g
to avoid deformation of the samples during testing. The CTEs of the composite
solder specimens were obtained from the slope of the curve over a linear temperature
range.

20.2.5 Differential Scanning Calorimetry (DSC)

The melting behaviors of the composite solder specimens were examined by a
Perkin-Elmer DSC-7 system. DSC experiments were carried out at a heating rate
of 10 °C/min from 25 to 250 °C. The heat flow as a function of temperature was
recorded and analyzed. The entire scanning was carried out under an inert nitrogen
atmosphere.

20.2.6 Electrical Properties

Electrical conductivity was measured on strips having dimensions of 50 x 10 mm
cut from rolled composite solder preforms with a thickness of approximately
0.13 mm using a four-point probe technique.

20.2.7 Wettability

Solder alloys were cold rolled to preforms of thickness 1 mm and 0.13 mm for the
joint tensile testing, wetting, and creep rupture analyses. The solder preforms were
remelted four times in order to get a uniform structure and composition. Approxi-
mately 0.2 g of the remelted solder preforms were weighed using an electronic
balance. The weighed solder preforms were cleaned with acetone in an ultrasonic
bath. The substrate used was a thin copper plate of 99.9% purity and dimensions of
25 x 25 x 0.1 mm. These small substrates were polished sequentially with silicon
carbide sandpaper of up to 800 abrasive number and then cleaned ultrasonically in
acetone for 10 min to achieve an ultraclean substrate for wetting experiments.

The measurement of contact angle was performed using the following technique.
First wetting was carried out on a hot plate. Rosin mildly activated (RMA) flux was
applied on a copper substrate. Some flux was then applied on the surface of the
pre-weighed solder preform before placing it on the copper substrate. In preparation
for the reflow, the substrate containing the solder and the flux was first preheated to
100 °C and then to the reflow temperature of 240 °C. After the time of reflow, the
specimen was quickly removed, allowed to solidify, and later quenched to room
temperature. The solder after reflow on the copper substrate was cleaned with
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alcohol for 10 min to remove the flux residues. After each test, the solder drop was
cut perpendicular to the interface, mounted in resin, and polished to examine the
morphology and contact angle of solder on copper substrate. Then the photograph of
the specimen was taken and analyzed with the help of commercially available
software for measuring the spreading area.

20.2.8 Microhardness Testing

The sintered samples were polished to a mirror finish prior to the microhardness
indentation tests. Microhardness of the composite solder specimens were measured
using a Digital Micro-Hardness Tester with a Vickers indenter. The samples were
indented with a load of 10 g, and an average of seven indentations was made at
different locations of the composite solder specimens for further analysis.

20.2.9 Tensile Testing

The samples for tensile testing were machined from the extruded bars. Dog-bone-
shaped specimens of gauge length 25 mm and diameter 5 mm were prepared. Tensile
experiments were carried out at room temperature on the specimens using an Instron
5569 tensile tester at a constant cross-head displacement of 1 mm/min. Five samples
of each composite solder were tested. All samples were tested to failure.

20.2.10 Tensile Strength of Solder Joint

Cu samples of length 45 mm were cut from a 99.9% pure, half-hardened Cu bar with
rectangular cross section (10 x 1 mm). These were etched in 50% sulfuric acid to get
rid of the surface oxide layer. The mating surfaces were fluxed immediately with
commercial RMA flux, and the rest of the surfaces were coated with solder resist to
prevent them from being wetted by molten solder. Solder alloys were rolled into thin
sheets of thickness 1 mm and sliced into pieces that approximately covered the
mating surface area of the Cu samples. Then, the sliced solder pieces were placed
between the mating surfaces of two Cu samples in an aluminum mold and were
heated in a furnace to a temperature 50 °C above the liquidus of the solder. After
holding in the molten state for 2 min, the samples were gently soldered with the help
of a screw-driven mold to maintain a joint thickness of 500 pm by adjusting the
screws placed at each end of the mold to obtain a good joint and were cooled in the
furnace. It was found that the tensile testing specimens thus prepared resulted in
joints with solder of thickness of between 300 and 400 pm.
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20.2.11 Creep Rupture Analysis

The creep rupture tests were conducted using composite solder lap joints between
two dog-bone-shaped copper pieces which were fabricated as follows. Two 99.9%
pure, 0.1 mm thin copper sheets were first wire cut into the shape of a dog bone. The
composite solder alloys were cold rolled to obtain performs of thickness 0.13 mm
and cut into square specimens of dimensions 1 x 1 mm. The dog-bone-shaped
copper substrates were cleaned with dilute sulfuric acid and rinsed with acetone.
The narrow ends of the copper substrates were coated with solder resist to obtain a
cross-sectional area of 1 mm?. Then, RMA flux was applied to each narrow end of
the substrate, and the composite solder preform was sandwiched between the two
copper substrates. Reflow soldering was performed in a programmable oven. The
creep rupture life tests were performed at room temperature with a dead load stress of
approximately 10.4 MPa.

20.3 Results and Discussion

20.3.1 Microstructural Observation

The SEM and TEM microstructures of the as-received SWCNTs used in the present
study are shown in Fig. 20.1. The FE-SEM microstructure of the original Sn-Pb
solder is shown in Fig. 20.2a showing white contrast for tin grains and dark contrast
for lead grains. The average grain size of the as-cast Sn-Pb solder was 5.12 pm.
Figure 20.2b shows the highly refined microstructure of 0.3 wt% SWCNT-doped
Sn-Pb composite solder, which is a consequence of homogenous dispersion of the

Fig. 20.1 Images of SWCNTs: (a) SEM image of SWCNT, (b) TEM micrograph of SWCNT
produced by a CVD process
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Fig. 20.2 FE-SEM micrographs of 63Sn-37Pb solder with (a) 0 wt% SWCNT, (b) 0.3 wt%
SWCNT

Fig. 20.3 FE-SEM micrographs of Sn-3.8 Ag-0.7Cu with (a) 0 wt% SWCNT, (b) 1 wt% SWCNT

nanotubes. The average grain size of the composite is measured to be 1.08 pm by
employing image analysis software. An obvious difference between the microstruc-
tures of the solder alloys with and without addition of nanotubes can be observed.

There is some porosity observed in the solder matrix. This is mainly attributed to
the sintering process. During the sintering process, the matter of the solder matrix
flows and the SWCNTs act as solid impurities [24]. The van der Waal forces cause
the SWCNTSs to get entangled with one another. Because of this phenomenon, it is
very difficult to achieve a higher degree of homogeneous dispersion of the SWCNTs
throughout the solder matrix. In this manner the entangled SWCNTs may have
resulted in the formation of pores in the solder matrix which is being observed in the
micrographs.
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Fig. 20.4 Phase identification of SWCNT at the grain boundary of Ag;Sn in sintered Sn-Ag-Cu/
CNT composite: EDS of the white region showing the presence of carbon

Figure 20.3 compares the microstructures of the Sn-Ag-Cu + SWCNT composite
solders and pure Sn-Ag-Cu solder. The higher magnification micrographs in
Fig. 20.3a reveal that the microstructure of Sn-Ag-Cu solder is composed of a
dark gray phase (CugSns) and brighter light gray grains (AgsSn) dispersed evenly
in the B-Sn solder matrix. For the Sn-Ag-Cu pure solder sample, the average grain
size of the secondary phase varied between 3.75 pm and 4.25 pm. The average grain
size of the secondary phase was found to be 0.5-0.8 pm with 1 wt% addition of
nanotubes to the Sn-Ag-Cu solder as shown in Fig. 20.3b. In the SWCNT-reinforced
solder samples, the SWCNTs are distributed at the boundaries of the Ags;Sn
equiaxed grains. They can be identified by the difference in contrast, which is mainly
associated with the different atomic numbers of the individual phases under consid-
eration. Brighter regions correspond to the higher atomic numbers, while darker
phases correspond to the lower atomic numbers. The elemental analysis obtained by
EDX is shown in Fig. 20.4. The intense “C” peak represents the presence of
SWCNTs at the boundaries of the AgzSn grains. This shows that the SWCNTSs
remained inside the solder matrix after sintering but were concentrated at the
boundaries of the AgzSn grains.

The possible reason for the size refinement is as follows. SWCNT is a ceramic
material. While processing the composite solder specimens, the surface diffusion of
the Ag;Sn can be suppressed by the extremely quick translations of ceramic mate-
rials through the temperatures that exist during the sintering process [25]. The
reinforcement of the microstructure, as shown in Fig. 20.2 with the varying content
of SWCNT, demonstrates a strong dependence of the sintered microstructure of the
composite solders on the initial composition and morphology of the starting
materials.
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Fig. 20.5 Variation of CTE of both Sn-Pb and Sn-Ag-Cu composites with wt% of SWCNTs

Table 20.1 Onset and melting temperatures of Sn-Pb and Sn-Ag-Cu composite solders

63Sn-37Pb Sn-3.8Ag-0.7Cu
Wt% SWCNT | Onset temp (°C) | Melting temp (°C) | Onset temp (°C) | Melting temp (°C)
0 181.1 183.3 217.7 221.0
0.03 181.1 182.8 217.1 220.1
0.08 180.2 182.2 216.4 219.8
0.1 179.5 182.0 216 219.3
0.3 179 181.9 215.6 218.9
1 176.3 181.1 213.4 217.9

20.3.2 Coefficient of Thermal Expansion (CTE)

The CTE was measured using TMA and was obtained from the initial linear slope of
the thermal strain-temperature plot. The CTEs of pure Sn-Pb and Sn-Ag-Cu were
found to be 25.8 x 10~%°C and 18.7 x 10~%/°C, respectively, which are comparable
with those in the literature [26, 27]. The variation of CTE with wt% of SWCNT
addition, for the Sn-Pb and Sn-Ag-Cu composites, is shown in Fig. 20.5. The
composite solders exhibit lower CTE values than the parent alloys. It was observed
that the CTE of both the solders decreases with increasing content of SWCNT. In
general, the lower CTE can be attributed to the rigidity of the nanotubes and the fine
dispersion of nanotubes in the solder matrix, which can obstruct the expansion of the
solder matrix at elevated temperatures. However, factors such as the adhesion of
nanotube-matrix interfaces at testing temperatures, the apparent lack of orientation
of the nanotubes, and the inevitable agglomeration at higher nanotube loads might
affect the CTE values of nanocomposite solders and need to be confirmed by further
studies and analysis.
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Fig. 20.6 DSC thermographs for a heating rate of 10 °C/min for (a) 63Sn-37Pb solder, (b) 63Sn-
37Pb + 0.3 wt% SWCNT
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Fig. 20.7 DSC thermographs for a heating rate of 10 °C/min for (a) Sn-3.8Ag-0.7Cu (b)
Sn-3.8Ag-0.7Cu +1 wt% SWCNT

20.3.3 Differential Scanning Calorimetry Analysis

DSC measurements were carried out to determine the thermal properties such as
melting point and onset temperature of both Sn-Pb and Sn-Ag-Cu composite solders
containing varying amounts of SWCNTs. The results are given in Table 20.1.
Typical DSC thermograms of the Sn-Pb and Sn-Ag-Cu solders and their composites
with SWCNTs are shown in Figs. 20.6 and 20.7. The shapes of the thermograms
closely resemble one another. They are characterized by a sharp endothermic peak
associated with the onset temperature and a peak temperature that exactly corre-
sponds to the melting temperature of the solder or composite solder. It can be seen
from Table 20.1 that the melting point of the composite solders as well as the onset
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temperature decreases with increasing content of SWCNTs. A similar decreasing
trend in melting point was recently reported for the addition of nano-alumina and
nano-SiO, to polyether ether ketone (PEEK) [28].

The possible reasons for the reduction in melting point of solders could be due to
the increase in the surface instability with the higher surface free energy rendered by
the addition of SWCNTSs. Also, the size effect of carbon nanotubes can significantly
alter the grain boundary/interfacial characteristics of solders, resulting in such a
change in physical properties [24, 29, 30].

It can be seen from Table 20.1 that both nanocomposite solders show decreasing
melting points and onset temperatures with increasing nanotube content. However,
the Sn-Ag-Cu/SWCNT system shows a much lower melting temperature than the
Sn-Pb/SWCNT system. This was mainly attributed to the good adhesion between
the nanotube and Ag;Sn of the lead-free solder matrix.

Addition of SWCNTs has resulted in lowering the melting point of the Sn-Ag-Cu
and Sn-Pb composite solders by only 3.4 °C and 1.5 °C, respectively. This lowering
is not large, and the resultant nanocomposite solders can readily be adopted with the
current recommended reflow conditions.

20.3.4 Electrical Conductivity

Figure 20.8 shows the variation of the electrical conductivity of the Sn-Pb and Sn-
Ag-Cu composite solders with SWCNT wt%. The electrical conductivities of Sn-Pb
and Sn-Ag-Cu solder are 10.58%IACS (International Annealed Copper Standard)
and 14.29%IACS, respectively. It is evident from the graph that increasing the
SWCNT content increases the electrical conductivity of the composite solders.
The electrical conductivity of the Sn-Pb based composite solders increased from
10.58%IACS to 11.04%IACS with the addition of 0.05 wt% of SWCNTs. Further
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Fig. 20.8 Electrical conductivity of Sn-Pb and Sn-Ag-Cu composite solders versus SWCNT
content
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Fig. 20.9 Contact angles of composite solders on copper substrates with varying contents of
SWCNT

addition of SWCNTs increased the conductivity value to 11.86%IACS. This incre-
ment is ~12% higher than the parent Sn-Pb alloy. A similar behavior is noted for the
Sn-Ag-Cu-based composite solders. The room temperature conductivities of the bare
Sn-Pb and Sn-Ag-Cu are comparable with those in the literature [27]. Similar
increments in conductivity have been observed with epoxy nanotube
composites [31].

The trend of increasing electrical conductivity of the nanocomposite solders with
increasing amounts of SWCNT addition can be explained by the fact that at the
percolation threshold, there is a network structure of nanotubes surrounded by the
immobilized solder matrix. Even if the nanotubes do not touch each other, conduc-
tivity of the nanocomposites is increased as long as the distances between the tubes
are lower than the hopping distance of the conducting electrons [32].

20.3.5 Contact Angle

Figure 20.9 shows the contact angles measured for both Sn-Ag-Cu and Sn-Pb
solders as function of SWCNT content. As can be seen, the contact angle for both
composite solders first decreases with SWCNT content up to about 0.1 wt% before
increasing. The minimum value for Sn-Pb solder composite was 15.8° at 0.08 wt%
SWCNT, while the minimum for Sn-Ag-Cu solder composite was 27° at 0.1 wt%
SWCNT. The contact angle measured for Sn-Ag-Cu was 34.2°, which is very similar
to the value reported by other researchers in the literature [27].

The effect of nanotube addition on the wettability can be explained as follows. An
increase in the flux-copper surface energy, or decrease in flux-solder surface energy,
will decrease the contact angle, thus increasing the wettability. SWCNT addition that
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Fig. 20.10 Variations of the spreading area for composite solders with different wt% of SWCNT

promotes these changes will result in improved wettability. It is expected that
increasing the SWCNT content to a certain extent could greatly increase the flux-
solder surface tension because of chemical reactions. Similar findings have been
reported by Loomans [33] for lead-free solder systems.

20.3.6 Wettability

The spreading area and wetting area of a fixed mass of solder were used to evaluate
wettability [34]. Figure 20.10 shows the spreading area measured for both composite
solders. This figure reveals a similar trend as the contact angle results. For both
composite solders, the spreading area increases with SWCNT content up to about
0.1 wt% before decreasing. The maximum value for Sn-Pb solder composite was
159.5 mm? at 0.08 wt% SWCNT, while the maximum for Sn-Ag-Cu solder com-
posite was 128.5 mm” at 0.1 wt% SWCNT.

It is believed that the addition of nanotubes enforced the orbital interaction
between the tin atoms and the copper atoms and greatly improved the spreading
area. However, further addition of nanotubes beyond a critical concentration dete-
riorated the wetting properties and reduced the spreading area of the composite
solders. If there is a high level of nanotubes in the composite solder, tin atoms can no
longer play the important role of base metal, since the orbital reaction between
nanotubes and tin atoms is not strong. Therefore, the spreading area and wettability
are worse with increasing levels of nanotubes beyond a certain critical value.
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Fig. 20.11 Microhardness variation of the composite solders with different wt% of SWCNT

60

g

g 504

5 T

E

b7 £

k-] e Ly

5 301 5

> 2

20 i G2

008 0.1 0.8
Wt% of SWCNT

B Sn-Pb B8 Sn-Ag-Cu

Fig. 20.12 Variations of yield strength of composite solders with wt% SWCNT

20.3.7 Microhardness

Figure 20.11 gives the microhardness values of the composite solder alloys as a
function of SWCNT loading. Each value presented was obtained from an average of
seven readings at different locations within each composite solder sample. A trend of
increasing microhardness with SWCNT content was observed for both composite
solder alloys. Microhardness tests show indeed that the SWCNT-reinforced Sn-Ag-
Cu composite solders have slightly higher hardness than the SWCNT-reinforced
Sn-Pb solder. The average microhardness of the Sn-Pb+0.5 wt% nanotube compos-
ite solder is approximately 16.5% higher than that of the Sn-Pb solder alloy, whereas
1 wt% addition of SWCNT to Sn-Ag-Cu solder resulted in nearly 18% improvement
in the microhardness value as compared to the original Sn-Ag-Cu solder alloy.
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Fig. 20.13 Effect of SWCNT loading on UTS of Sn-Pb and Sn-Ag-Cu composite solders

20.3.8 Tensile Properties
20.3.8.1 Yield Strength

The influence of nanotube addition on the yield strength of both composite solders
has been investigated and plotted in Fig. 20.12. It can be seen that the yield strength
of both composites increases with the nanotube content. It is interesting to note that
in the case of Sn-Ag-Cu composite solders, the yield strength increases continuously
with nanotube content, while for Sn-Pb solders, the yield strength reaches a maxi-
mum value at 0.3 wt% of nanotube addition before decreasing. In both cases, it was
found that it was impossible for the solders to absorb more than 1 wt% of SWCNT.
The maximum increase in yield strength for Sn-Ag-Cu solder composite at 1 wt% of
nanotube reinforcement was 52.9% higher than its pure counterpart, whereas the
maximum increase in yield strength achievable for Sn-Pb solder was ~18% at 0.3 wt
% of nanotube addition.

20.3.8.2 Ultimate Tensile Strength

Figure 20.13 shows typical variations of the ultimate tensile strength (UTS) of Sn-
Pb-based composite solders in comparison with Sn-Ag-Cu-based composite solders
as a function of different concentrations of SWCNTs. All the measured tensile
strengths of nanocomposite solders exhibited very small deviations. The trends
observed are similar to the effect of nanotube addition on the yield strength. The
UTS of Sn-Ag-Cu solder specimens increase monotonically with increasing
SWCNT, while the UTS of Sn-Pb reached a maximum at 0.03 wt% of SWCNT
before declining. The maximum UTS of Sn-Pb-based composite solders achieved
with the addition of 0.3 wt% of SWCNTs was ~26% higher than undoped Sn-Pb
solder. The effect of SWCNT on the UTS of solder is similar to its effect on
polymers [31]. A maximum increase of about ~51% was observed for the Sn-Ag-
Cu solder. The improvement in the tensile strength may be caused by the strong
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Fig. 20.14 Variation of the tensile modulus of composite solders with wt% SWCNT

interactions between the solder matrix and the SWCNTSs, which leads to good
dispersion of SWCNTs in the nanocomposites. These well-dispersed SWCNTSs
may be the reason for the increase in the tensile strength. However, when the content
of SWCNT is too high, the SWCNTSs cannot be properly dispersed in the solder
matrix and agglomerate into clusters because of the huge surface energy of SWCNTs
[35, 36]. This probably caused the decrease of tensile strength as observed in the case
of Sn-Pb solder doped with more than 0.3 wt% nanotube.

20.3.8.3 Tensile Modulus

The variation of tensile modulus of both composite solders (Sn-Pb and Sn-Ag-Cu)
with wt% reinforcement of SWCNT is shown in Fig. 20.14. As with the yield
strength and UTS, the tensile modulus for Sn-Ag-Cu composite solder increases
monotonically with wt% reinforcement of SWCNT while that for Sn-Pb has a
maximum at 0.3 wt%. The general increase of tensile modulus with %wt SWCNT
is probably due the reinforcing effect imparted by the nanotubes that allowed a
greater degree of stress transfer at the grain boundaries. A possible explanation can
be given for the behavior for Sn-Pb composite solders by assuming a similar state of
high-quality dispersion for all nanocomposites after the sintering process. An
increasing amount of agglomerates in the sintered composite was observed for the
SWCNT/Sn-Pb solder composites with nanotube content above 0.3 wt%. We
propose these agglomerates to be a result of re-agglomeration which reduces the
Young’s modulus more significantly. The largest modulus of Sn-Ag-Cu composite
solder was 12,642 MPa at 1 wt% SWCNT, which is almost 98% higher than the
value of 6385 MPa for the original solder. The largest modulus for Sn-Pb composite
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Fig. 20.15 Ductility of nanocomposite solders as a function of SWCNT content

solder was 14,216 MPa at 0.3 wt% CNT, which represents an increase of 53% over
the value of 9276 MPa for the original solder.

20.3.8.4 Ductility

Ductility was quantified by measuring the plastic strain to failure. Appreciable
ductility was measured for both Sn-Pb and Sn-Ag-Cu composite solders. A plot of
ductility (% elongation) as a function of SWCNT loading is shown in Fig. 20.15.
The tests demonstrated a downward trend of % elongation with increase in the
SWCNT content for both composite solders. Sn-Ag-Cu solder shows a 33.3%
elongation at break. Almost 26.6% elongation at break was found for 0.1 wt% of
SWCNT added. The elongation to failure was observed to be 23.8% at the 1 wt% of
SWCNT addition, which is ~27% lower than the virgin Sn-Ag-Cu solder matrix.
This indicates that adding the nanotubes to Sn-Ag-Cu solder material increases
brittleness which is consistent with the previous studies of composite solders
reported by Chen et al. [36]. As shown in Fig. 20.15, the % elongation of 0.03 wt
% reinforced Sn-Pb solders was obviously lower than those of pure Sn-Pb solder; the
elongation decreases with increasing SWCNT content from 0.03 to 0.5 wt%. At
0.5 wt% SWCNT, the ductility is ~24% lower than the Sn-Pb solder. From this it is
evident that both composite solders showed an increase in brittle characteristics due
to the rigidity of the composite solder matrix as SWCNT content increased. In all the
cases, the elongation to failure decreases. The major reason is that SWCNTs
included into the solder matrix behave like physical constraints and restrict the
deformation of the solder matrix.



666 K. Mohan Kumar et al.

1800

=N
N
o
o
1

2 ™
e
R
HEE g

1000 -

T
T
HE HE

it
R MR K X s
OO OO OOOBOROOD:
RS AR KRR K KRR KRR
R

R

o
e et

A AR AR RN

&
&
&
&
&
&
&
&
&
&
i+
i+
&
&
&
&
22
&
&
&
&
&

e

e A PSS

S
o
D
ik
!
e

“
5
ey
23

¢

05
e

i

o

SRR R N
5
s

,

7
.

255
g
.

)
e
A
523
2

N

o

o
L

Ob 001b 003b 0050 008b O0.1b 03b 05b 08> 1b
Wit% of SWCNTs

@ Sn-Pb @ Sn-Ag-Cu |

Fig. 20.16 Influence of SWCNT content on the work of fracture of Sn-Pb and Sn-Ag-Cu
composite solders

galgg 20;125 G:lincsizes of the Solder alloy Grain size (um)
D and SnAgtu 63Sn-37Pb 5.12
composite solders
63Sn-37Pb + 0.3 wt% CNT 1.08
Sn-3.8Ag-0.7Cu 3.75-4.25

Sn-3.8Ag-0.7Cu+ 1 wt% SWCNT 0.5-0.8

20.3.8.5 Work of Fracture

Figure 20.16 shows a plot of the work of fracture versus the various SWCNT loading
for the Sn-Pb and Sn-Ag-Cu composite solders. However, the work of fracture of
Sn-Ag-Cu composite solders did not vary linearly with increase in SWCNT content.
Maximum and minimum values were observed in this case. The minimum work of
fracture was observed at 0.5 wt% addition of SWCNT, while the maximum was
observed for the undoped Sn-Ag-Cu solder. For Sn-Pb solder, the minimum work of
fracture occurred at 0.8 wt% CNT, while the maximum was observed for the
undoped Sn-Pb solder.

20.3.9 Strengthening Mechanisms
20.3.9.1 Grain Size Refinement

Table 20.2 gives the grain size values measured using image analysis for both
composite solders with and without reinforcement of nanotubes. As is common in
composite materials, the grain size decreases as the weight fraction of reinforcement
addition increases. Since nanotubes may act as nucleation sites for recrystallized
grains during sintering, the volume fraction of recrystallization grains increases
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when the reinforcement volume fraction increases; it can be observed that, as the
weight fraction of the SWCNT rises, the grain size of the composite solder dimin-
ishes, causing strengthening by the Hall-Petch mechanism. SWCNTSs control the
grain size of the composite solders, since they prevent grain growth. This grain size
refinement can be clearly seen in the microstructure of the composite solders shown
in Fig. 20.3. The Hall-Petch relation can be formulated as

K
VD’

oy = 0, +

where

oy = yield stress
o, = friction stress
k = constant

D = grain size

The yield stress increases as the grain size of the composite diminishes.

20.3.9.2 CTE Mismatch

63Sn-37Pb solder has a coefficient of thermal expansion of 25.8 x 10~%°C, while
SWCNTs exhibit a much lower coefficient of thermal expansion of —1.5 x 107%/°C
[35]. Hence, in the SWCNT-doped Sn-Pb solders, there exists a significant CTE
mismatch between the SWCNT reinforcement and the solder matrix. This CTE
mismatch can result in the prismatic punch of the dislocations at the interface
which in turn can lead to the work hardening of the solder matrix. The dislocation
density that is generated due to the CTE mismatch between the reinforcement and
the solder matrix is directly proportional to the surface area of the reinforcement. The
diameter of a SWCNT is very small leading to a lower density of Griffith flaws. Due
to the lower Griffith flaws, the number of dislocations generated is likely to be
higher, which in turn could result in the increased strengthening effect.
The dislocation density can be formulated as

Cc _ 10Aef swenr
(1 = fswenr)bdswent

where fswent 1 the weight fraction of the SWCNTs, ¢ is the misfit strain due to the
difference in the CTE values of SWCNT and solder matrix, b is the Burgers vector,
and dswcnr 18 the diameter of the SWCNT.

The increment in stress can be indicated by

Aoc = \/Saﬂb\/*cv,

where
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u= modulus of rigidity of the solder
b= Burgers vector
a = constant

20.3.9.3 Orowan Mechanism

The interaction between the dislocations and the SWCNTSs can inhibit the motion of
the dislocations, leading to bending of the dislocations between the nanotubes.
Bending of dislocations produces a back stress, which could prevent further dislo-
cation migration and result in an increase in yield stress. The Orowan mechanism is
less significant in the metal matrix composites where the reinforcements are gener-
ally coarser in shape and the interparticle spacing is large, but it is more effective in
the SWCNT-reinforced composites as the nanotubes effectively represent the fine
particles having very narrow diameters of the order of a few nanometers. In this
manner SWCNT can effectively strengthen the solder matrix by interacting with the
dislocations.

Thus the increment in the shear strength of the composite solders can be written as

At = K*uA"?b/r* In (2r/r,),
where

K = a constant characterizing the transparency of the dislocation forest for basal-
basal dislocation interaction

1 = modulus of rigidity of the solder matrix

r = volume equivalent radius of SWCNT = 7.087 nm

b = Burgers vector

A = constant = 0.093 for edge dislocations and 0.14 for screw dislocations

20.3.9.4 Residual Stresses

The CTE mismatch between the nanotubes and solder matrix resulted in the presence
of residual stresses in the composite solder. The solder matrix remains in tension and
the reinforced nanotubes in compression. A similar situation was observed when the
metal matrix composites are reinforced with ceramic reinforcements [37]. Presence
of residual stresses can also lead to the increment in the yield stress of the composite
solders.

It is possible to conclude from the above discussion that the increment in yield
strength and ultimate tensile strength of the composite solders has three main
contributions: the grain size refinement, increase in dislocation density due to the
CTE mismatch between the solder matrix and nanotubes, and the Orowan looping
mechanism.
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Fig. 20.17 Low magnification FE-SEM micrographs of the fracture surfaces of the Sn-Pb solder
composite specimens with (a) 0.01 wt%, (b) 0.5 wt% SWCNT

Fig. 20.18 High magnification FE-SEM fractographs of Sn-Pb composite solders with (a) 0.01 wt
%, (b) 0.5 wt% SWCNT

The decrease in ductility of the composite solders can be explained by the
following mechanism. The reduction of ductility, with the higher reinforcement
addition, is a very common phenomenon observed in metal matrix-based composites
[38, 39]. The main reason may be the limited ductility exhibited by SWCNTs
[40]. In addition, the SWCNTs may restrict the movement of dislocations either
by inducing the large difference in the elastic behavior between SWCNTs and the
matrix or creating the stress fields around the dislocations.
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20.3.10 Fracture Studies

Fracture surfaces of Sn-Pb composites are shown in Fig. 20.17a, b. The lower
magnification topographies which are represented indicate extreme ductile fracture
modes, characterized by dimples on the surface. Closer observations at higher
magnifications shown in Fig. 20.18a, b demonstrated the breakage of nanotubes.

Figure 20.17a shows the fractograph of the Sn-Pb solder specimens. The fracture
surface shows evidence of high ductility with the dimples. However, the composite
solders reinforced with nanotubes exhibited a limited ductility; the fracture occurred
normal to the loading axis as is shown in Figs. 20.17 and 20.18. Figure 20.18
indicates that after tensile deformation, the solder matrix adheres well to the
nanotubes due to the highly ductile nature of the matrix alloy. Dimples were
observed on the composite solder surfaces in the region between the nanotubes
and solder matrix. The nanotubes appeared to have been cut at the surfaces. From
this observation, it can be inferred that the fracture took place in the solder matrix by
void generation and propagation, finally resulting in the shearing of the nanotubes
adhered to the matrix. This indicates that strong interface bonding has been devel-
oped in the nanotube-reinforced solder composites.

20.3.10.1 Fracture Mechanism for Sn-Pb Composite Solders

It is evident from the fractographs shown in Fig. 20.18 that the direction of the
internal cracks in the composites is normal to the tensile loading axis. Here no
nanotube pull-outs were observed. According to these findings, it is noted that the
crack was initiated in the solder matrix and then propagated and sheared through the
nanotube reinforcements. These findings are consistent with the strong interfacial
bonding between the solder matrix and the nanotubes.

According to Lloyd [38, 39], there are three possible ways that fracture behavior
can be observed in composite materials. (1) If the interface between the reinforce-
ment and the matrix is weak, the crack can initiate and can propagate through the
interface. (2) If the interface and the matrix are both strong, the reinforcement can be
loaded up to the fracture stresses and then be cracked. (3) If the matrix is weaker than
the interfacial and reinforcement strengths, the fracture may occur in the matrix by
void coalescence and growth mechanism. In the present SWCNT-based composites,
the fracture mechanism observed can be described as follows. The fracture probably
initiated in the relatively weaker solder alloy matrix rather than at the solder-
nanotube interface or in the nanotube. The fracture can be initiated by void nucle-
ation and propagation. When the crack reaches the nanotube-solder matrix interface,
the nanotube-solder matrix interface does not separate due to the high interfacial
bonding. Consequently high stresses will be developed at the nanotubes causing
them to be sheared off when their failure stress is reached.
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Fig. 20.19 Low magnification FE-SEM micrographs of the fracture surfaces of the Sn-Ag-Cu
composite solder specimens with (a) 0.01 wt%, (b) 1 wt% SWCNT

Fig. 20.20 High magnification FE-SEM micrographs of the fracture surfaces of the Sn-Ag-Cu
composite solder specimens with (a) 0.01 wt%, (b) 1 wt% SWCNT

20.3.10.2 Fracture Mechanism for Sn-Ag-Cu Composite Solders

The detailed fracture behavior of Sn-Ag-Cu composite solder specimens were
revealed by extensive fractographic observations. Scanning electron microscopy
was performed at high magnification to probe the fractured specimens that were
deformed during tensile loading. Typical FE-SEM micrographs of fracture surfaces
at lower magnification with the various additions of nanotubes are shown in
Fig. 20.19. As can be seen in Fig. 20.20, the fractured surfaces of the composite
specimens mainly consist of matrix dimples and fractured nanotubes. These obser-
vations are consistent with those reported in the literature where MWCNTs were
employed [41]. From the fractured surface, it is observed that SWCNTs are
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Fig. 20.21 Tensile joint strength values of Sn-Pb and An-Ag-Cu composite solders as functions of
wt% of SWCNT

vertically aligned to the fracture surface during the tensile deformation of the
composite solder specimens and this alignment might be one of the reasons for the
increase in the strength of the composite solders. A similar effect has been observed
in SiO,-based CNT composites [42].

Figure 20.20 shows that cracks run through the SWCNTSs that remain in the
matrix of the solders. It is evident that fracture occurred mostly by the failure of the
matrix and not by the debonding of the interface between SWCNT and solder matrix.
There is some evidence of partial debonding at the interface between Ag;Sn and the
lead-free solder matrix, but none at the interface between SWCNT and the solder
matrix.

Because of the high aspect ratio of SWCNTSs, micro cavities may form at the
ends, and this is one of the ways micro cavities are formed inside the matrix. From
Fig. 20.3, it is clear that Ag;Sn has the equiaxed grain shape, compared to SWCNTs.
As the deformation increases, the micro cavities that already exist in the matrix grow
parallel to the tensile loading axis, and the deformation becomes localized into
intense shear deformation zones in which the AgzSn grains can be completely
debonded to form voids. Subsequently, these voids in the shear deformation zones
combine with the micro cavities at the ends of the SWCNTs to cause the failure of
the solder matrix. Final failure occurs through the breakage of the SWCNTSs.

20.3.11 Solder Joint Strength with Copper Substrate

Figure 20.21 illustrates the influence of the nanotube addition on Cu-solder-Cu joint
strength under tensile loading conditions. It can be seen that the strength of the solder
joints increased after the incorporation of nanotubes into the solder alloys. For Sn-
Ag-Cu solder, the strength of the joint increased monotonically with the content of
SWCNTs. The joint strength at 1 wt% was 59.1 MPa, approximately 32% higher
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Fig. 20.22 Creep rupture times of the Sn-Pb and Sn-Ag-Cu composite solders as a function of wt%
SWCNT

than the value for the undoped Sn-Ag-Cu solder. For Sn-Pb composite solders first
increased with SWCNT content, reached a maximum, and then decreased. The
maximum joint strength reached was 50.8 MPa with 0.3 wt% SWCNT, which was
approximately 37% higher than the undoped Sn-Pb solder.

20.3.12 Creep Rupture Analysis

The creep rupture life of both Sn-Pb and Sn-Ag-Cu composite solders as a function
of SWCNT content is presented in Fig. 20.22. Creep rupture life of both composites
increased with increasing SWCNT content. In the case of Sn-Ag-Cu composite
solders, the increase is monotonic, reaching a value of 14,043 min with a SWCNT
content of 1 wt% which is about six times the creep rupture time for the undoped Sn-
Ag-Cu solder. In the case of Sn-Pb composite solders, however, the creep rupture
time first increases, reaches a maximum at 0.1 wt% CNT, and then decreases with
further increase of SWCNT content. The maximum creep rupture life attained for
Sn-Pb composite solder was 3324 min which is 8.29 times higher than the value for
the undoped Sn-Pb solder.
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20.4 Conclusions

The goal of this work was to produce and characterize novel SWCNT-reinforced
composite solders for fine-pitch wafer-level packaging applications. Composites of
Sn-Pb and Sn-Ag-Cu solders and SWCNTSs were prepared by a sintering process.
Microstructural studies of the composite solders confirmed the uniform and homog-
enous distribution of nanotubes in the solder matrix. Nanotube addition also resulted
in grain refining. CTEs of the composite solders were found to decrease with
increasing weight content of nanotubes. It was found that the melting point of
composite solders was lowered with increasing content of SWCNT but the decrease
is not substantial and can readily be integrated with existing manufacturing condi-
tions. The contact angles and wettability of composite solders on copper substrates
were studied. Among the solders tested, Sn-Pb + 0.08% SWCNT and Sn-Ag-Cu +
0.1% SWCNT exhibited the lowest contact angle and highest spreading area,
indicating excellent wettability. Microhardness values improved with the amount
of nanotube addition for both the composite solders due to homogenous dispersion
of nanotubes throughout the solder matrix. Mechanical properties such as modulus,
yield strength, and ultimate tensile strength showed improvement with the nanotube
addition. It was found that for Sn-Ag-Cu solder, the improvement in mechanical
properties increased monotonically with SWCNT content, while for Sn-Pb solder,
the improvement first increased and reached a maximum before decreasing. SEM
fractographs of the composite solder specimens revealed the ductile fracture mode of
the composites, which is characterized by dimples. The addition of nanotubes
significantly improved the creep rupture life of both Sn-Pb and Sn-Ag-Cu composite
solders.
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